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INTRODUCTION
The human epidermal growth factor receptor-2 (HER-2) is a transmembrane protein member of the epidermal growth factor tyrosine kinases family. Expressed at low levels in healthy tissues, it can form dimers with other members of the ErbB family resulitng in the activation of different cellular pathways mediating cell development, survival, and angiogenesis.
1 HER-2 mutation or overexpression has been observed in a number of different malignancies including breast, esophageal, lung, cervical, and endometrial cancer. In particular, HER2 is overexpressed in 9-32% of the cases of ovarian cancer. [1] [2] [3] Due to its importance in tumorigenesis and metastasis, HER-2 is a target for different therapeutic approaches such as monoclonal antibodies and HER-2 tyrosine kinase inhibitors. 4 The use of oncolytic viruses as an anticancer therapy is being extensively investigated in clinical trials with promising results. 5, 6 Nevertheless, one of the main challenges with the use of such viruses is minimizing nonspecific infection of normal cells and achieving potent virus cytotoxicity in malignant cells. One of the approaches to increase the specificity of infection is to retarget virus infection to receptor-positive malignant cells using a single-chain antibody (scFV) displayed on the viral envelope.
VSV is a negative-strand RNA virus, which has shown antitumor activity in preclinical animal models and is currently being tested in a phase 1 clinical trial utilizing intratumoral injection of the virus into hepatocellular carcinoma and tumors metastatic to the liver at the Mayo Clinic, Arizona (Mitesh Borad, PI, Clinical Trials.gov ID NCT01628640). As a way to increase its safety for systemic therapy, we previously evaluated the feasibility of engineering the VSV glycoprotein (VSV-G) to display a targeting ligand. 7 The engineered VSV was able to grow in cultured cells and incorporate the engineered VSV-G displaying a targeting ligand. However, its tropism for cells expressing the VSV natural receptor (s) has not yet been accomplished. 7 Therefore, this engineered VSV can still infect, for instance, cells expressing the low-density lipoprotein receptor, which is a known VSV cellular receptor. 8 As an alternative method to restrict VSV tropism, our group recently developed a hybrid virus, named VSV-FH. This virus is an engineered replication-competent VSV where the VSV glycoprotein (VSV-G) gene was deleted and replaced with the Measles Virus (MV) hemagglutinin and fusion genes (MV-H and MV-F, respectively). This virus showed a tropism similar to that of MV and demonstrated promising antitumor efficacy against solid plasmacytomas and disseminated human multiple myeloma xenografts. 9 In contrast to parental VSV, neurovirulence was significantly diminished after direct intracerebral injection of this virus into the brains of measles receptor positive CD46 transgenic mice. 9 However, both VSV and VSV-FH viruses were neurotoxic when given intravenously to CD46 transgenic mice lacking a functional type I IFN receptor (Ifnartm-CD46Gemice). [9] [10] [11] To reduce the neurotoxicity observed in Ifnar tm CD46Ge mice, we first evaluated the feasibility of Received 16 February 2015; accepted 19 June 2015 The hybrid oncolytic vesicular stomatitis virus (VSV-FH) deleted for its G glycoprotein and displaying the measles virus (MV) envelope glycoproteins (hemagglutinin H and fusion F) is fusogenic, infects cells via any of the three MV receptors and has potent oncolytic activity against subcutaneous and disseminated myeloma tumors. To tailor VSV-FH as an oncolytic virus for ovarian cancer, we ablated its natural tropism and retargeted the virus by display of a single-chain antibody (scFv) with specificity to the HER-2/ neu receptor. A panel of six VSVFH-αHER2 viruses displaying anti-HER2 scFv that bind to the same HER2 epitope but with different K d (10 −6 to 10 −11 M, VSVFH-αHER2#6 to #11, respectively) were rescued and characterized. A K d of at least 10 −8 M is required for infection of HER-2 positive SKOV3ip.1 cells. The higher affinity viruses (>10 −8 M) were able to infect and fuse SKOV3ip.1 cells more efficiently, inducing more extensive cytopathic effects. We next compared the antitumor potency of the viruses against SKOV3ip.1 tumor xenografts. In contrast to the saline-treated animals, one intratumoral injection of VSVFH-αHER2#9, #10, or #11 resulted in efficient tumor control. There was no significant difference between viruses with an affinity higher than 10 −9 M in terms of oncolytic potency. VSVFH-αHER2 virus may be a promising agent for the treatment of HER-2 positive malignancies.
generating retargeted VSV-FH vectors displaying a scFV with specificity to tumor-associated receptors, including CD38, EGFR, α-folate receptor, and prostate-specific membrane antigen (PSMA). 12, 13 These retargeted nonreplicating vectors were able to efficiently enter cells via the targeted receptors and could no longer infect neuronal cells. 13, 14 In the current study, we sought to determine if it is feasible to generate retargeted replication-competent VSV-FH viruses stably displaying scFVs and if the scFV would be stably retained in the genome of these replication-competent viruses. With ovarian cancer as our target, we engineered the VSV-FH to display a scFv with specificity to HER-2 in the H protein. We also sought to study the effect of scFv affinity to its target. Thus, a panel of anti-HER2 scFV with dissociation constants (K d ) ranging from 10 −6 to 10
M was used to generate a panel of six HER-2-retargeted VSV-FH (VSVFH-αHER2) viruses. 15 This panel of anti-HER2 scFV has been used previously to successfully retarget oncolytic measles viruses (MV) to HER-2. Animal studies done with these HER-2-targeted MV showed that all these engineered MV were equally efficacious against ovarian cancer xenografts regardless of the receptor affinity of the displayed anti-HER-2 scFV. 16 In lieu of our previous study showing that the hybrid VSV-FH virus was more potent than MV due to its higher viral yield, faster replication kinetics and more potent fusogenic capabilities, we are keen to investigate the oncolytic potential of HER-2-targeted VSV-FH for ovarian cancer therapy.
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ReSUlTS
Rescue of VSV-FH bearing scFV against HER2 with different receptor affinities To produce VSVFH-αHER2, the MV-H gene was replaced with an engineered MV-H fused at the C terminal to a single-chain antibody directed to human HER-2, followed by a six-histidine peptide. MV-H interactions with the MV cellular receptors CD46 and SLAM were ablated by point mutations in amino acids 481 and 533, respectively. The schematic representation of the full-length genome of VSVFH-αHER2 is shown (Figure 1a ). Using the Vaccinia-T7 rescue system, we obtained six replication-competent viruses bearing scFV binding to the same HER-2 epitope but with different dissociation constants ( Table 1 ). The viruses were designated from #6 to #11 to allow rapid identification of the approximate dissociation constant (K d ) of the displayed scFV (e.g., VSVFH-αHER2#8 presents a virus displaying scFv with K d for HER-2 of 10 −8 M). By western blot analysis of purified virions, it was observed that all the rescued HER-2-retargeted viruses expressed and incorporated into their virions a larger H (due to the size of the scFV) than the parental MV-H (Figure 1b ). Incorporation of MV-H-scFV into virions was comparable between the viruses. Importantly, the inclusion 
VSVFH-αHER2 specifically infects cells expressing HER2
The specificity of VSVFH-αHER2 infection was tested in a panel of Chinese hamster ovary (CHO) cells expressing the known MV receptors CD46, SLAM, or Nectin-4, and human HER-2 protein. As shown in Figure 2 , retargeted and parental viruses were unable to infect parental CHO cells, which do not express any of the known MV receptors. Moreover, due to point mutation of the MV-H protein, none of the VSVFH-αHER2 viruses (#6 to #11) were able to infect CHO-CD46 or CHO-SLAM cells. The amino acids of MV-H involved in the interaction with Nectin-4 (a measles receptor) were not modified in the HER2-targeted viruses since it has been shown that Nectin-4 is overexpressed in ovarian cancer. 18 Therefore, all the tested viruses were able to produce a CPE in CHO-Nectin-4 cells.
Lastly, different levels of CPE were observed in the CHO-HER2 cells infected with VSVFH-αHER2. Specifically, no CPE was observed in the CHO-HER2 cells infected with VSV-FH, VSVFH-αHER2#6, #7, or #8, while the destruction of the cell monolayer was visible only in CHO-HER2 cells infected with VSVFH-αHER2#9, #10, or #11, suggesting a threshold in the receptor affinity to allow cell killing.
Syncytia formation by VSVFH-αHER2 MV-F and MV-H expression in permissive cells results in the fusion of neighboring cells to form syncytia. To confirm that VSVFH-αHER2 is fusogenic and to know to what extent the K d of the scFV affects the fusogenic activity of MV-F and -H, we measured the syncytial area in two infected HER-2-positive cell lines, TE671 and SKOV3ip.1. It has been reported that TE671 cells express HER-2 at a density of 4.3 × 10 3 receptor molecules/cell while SKOV3ip.1 cells express higher levels of this protein (1.5 × 10 5 receptor molecules/cell).
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Cells were infected with VSVFH-αHER2#6-11 and the average area of the syncytia was determined at 48 hours postinfection (Figure 3) . Similar to what was observed in the CHO-HER2 cells, there is a threshold in the required receptor affinity of the scFV that allows virus infectivity. No syncytia were observed in cells infected with low-affinity VSVFH-αHER2 (#6 and #7), and only a few small syncytia were observed in SKOV3ip.1 cells infected with VSVFH-αHER2#8. Viruses with a higher receptor affinity formed larger syncytia in both TE671 and SKOV3ip.1 cells, although there was no significant difference between viruses with an affinity of 10 −10 and 10 −11 M. Cell killing is dependent on αHER2 receptor affinity The ability of the chimeric H-scFV protein to trigger syncytia formation might also be correlated with the potential cytotoxic activity of the virus in permissive cells. The viability of TE671 and SKOV3ip.1 cells infected with VSVFH-αHER2#6-11 was measured in vitro ( Figure 4 ). We observed that only viruses with the highest receptor affinity (i.e., VSVFH-αHER2#10 and #11) were capable of killing TE671 cells. On the other hand, the CPE in high-HER-2 expressing SKOV3ip.1 cells started with VSVFH-αHER2#8 (although a higher multiplicity of infection (MOI) of 10 was needed) and continued with the viruses with a higher affinity for HER2.
VSVFH-αHER2 shows efficacy against ovarian cancer xenografts To study the oncolytic activity of VSVFH-αHER2 in human ovarian cancer xenografts, SKOV3ip.1 tumors were grown subcutaneously in NCr athymic mice and one single dose of 10 6 TCID50 units of VSVFH-αHER2#9, #10, or #11 was injected intratumorally. Tumor samples were obtained at intervals thereafter. Infected cells were detected by immunofluorescence staining using a polyclonal antibody against VSV structural proteins, and virus replication in tumors was measured by virus recovery assays and quantitation of infectious viral particles.
At 3 days postinjection, VSV proteins were detected in all the tumor samples from mice treated with VSVFH-αHER2#9, #10, or 11 ( Figure 5a ). The quantitation of infectious viral particles from the tumor samples (Figure 5b ) showed that at day 3 all the viruses were able to replicate and form infectious particles, but viral replication and the number of infectious particles decreased by day 7.
The impact of receptor affinity on the antitumor efficacy of VSVFH-αHER2 was also investigated; for this, tumor size was monitored in animals after one single dose of VSVFH-αHER2, or control saline (Figure 5c ). The differences in tumor size between treatments at day 24 were analyzed using JMP version 9 statistics software (2010 SAS Institute, Cary, NC) as previously described. 19 The differences in tumor size at this point were significant for the groups treated with all the different viruses (P < 0.0001) with respect to the saline group. Comparison of survival curves showed an increase in mice survival for groups treated with high-receptor affinity VSVFH-αHER2 (i.e., #9, #10, #11) compared to the saline group (P ≤ 0.01). There was no significant difference in antitumor potency between these three viruses.
DISCUSSION
VSV-FH is a recently developed hybrid MV-VSV virus that has been
shown to possess potent killing activity against cancer cells and a reduced neurovirulence compared to parental VSV. 9 In order to increase its specificity and safety, we decided to investigate if it is possible to retarget VSV-FH by the insertion of a scFV at the C-terminal of MV-H as previously reported for measles virus. 12, 20 We chose to retarget the virus to HER-2, as this protein is overexpressed in a number of different tumor types, including ovarian tumors. 2 Several oncolytic viruses such as Herpes simplex virus, 21 measles virus, 15 and VSV expressing the Sindbis virus glycoprotein 22, 23 have also been targeted to HER2 by the inclusion of a scFV in the surface glycoprotein. These viruses have shown to be effective against gliomas, 24, 25 ovarian cancer, 16 and mammary tumors. 26, 27 A panel of replication-competent HER2-targeted VSV-FH viruses displaying αHER-2 scFV with different affinities for the same epitope was rescued and characterized in vitro and in vivo. None of the rescued VSVFH-αHER2 viruses were able to infect CHO cells genetically engineered to express CD46-or SLAM, as the MV-H gene contained point mutations that specifically blocked interaction with these cellular receptors. 28, 29 From the in vitro characterization studies, we noted that a threshold level of scFv-receptor affinity was needed for VSVFH-αHER2 to achieve intercellular fusion and killing in HER2-positive cancer cells. Syncytia were seen at a K d of 10 −8 M although the syncytia produced by VSVFH-αHER2#8-infected HER-2-positive cells were small in size, and a high MOI was need to kill the SKOV3ip.1 cells. In low HER-2 expressing TE671 cells, a higher receptor affinity was required to infect and fuse them, and syncytia formation started only with the VSVFH-αHER2#9 virus. We noted similar results for MV retargeted to HER-2 using the same panel of HER-2-specific scFV, where the syncytia formation and cell killing of SKOV3ip.1 cells started with viruses possessing a K d for HER2 of 10 −8 M. 15 However, there are important differences in the infection of HER-2 targeted MV versus VSV-FH in vitro. MV-αHER2#6 was able to infect SKOV3ip.1 cells 15 while the current study shows that VSVFH-αHER2#6 was not able to do so. This is likely due to the significantly lower amounts of FH incorporated into the VSV virion compared to MV as shown in our previous study. 9 Studies undertaken in vivo showed no difference in mice survival among the groups treated with VSVFHαHER2 #9, 10, or 11, indicating that similar to the results observed in vitro, a certain level of affinity for HER-2 is needed to promote cell infection and killing. Affinity above this threshold level did not enhance the oncolytic activity of VSVFH-αHER2. Similar results were observed when mice bearing human ovarian cancer xenografts were treated with HER2-targeted MV. However, in those experiments, all six retargeted MV-αHER2 (i.e., 10 −6 to 10 −11 M) significantly increased survival of mice when compared to saline-treated mice. 16 In contrast, VSVFHαHER2 #6 which could not infect SKOV3ip.1 cells in vitro, and has no antitumor activity against SKOV3ip.1 tumors (Ayala-Breton and Peng, unpublished data).
In conclusion, we have created and characterized a panel of HER2-retargeted VSV/Measles hybrid viruses with different binding affinities to HER2 receptor. A receptor affinity of at least 10 −9 M is necessary to allow syncytia formation in high HER2 expressing SKOV3ip.1 cells, and to have significant in vivo oncolytic activity against these human ovarian cancer xenografts. Overall, the high affinity VSVFH-αHER2 viruses might be suitable candidates to explore for clinical evaluation in ovarian cancer.
MATeRIAlS AND MeTHODS
Cell culture
Baby Hamster Kidney Cells and VeroαHis cells were cultured in Dulbecco's modified Eagle medium containing 5% fetal bovine serum and 1% penicillin-streptomycin. TE671 and CHO cells were maintained in Dulbecco's modified Eagle medium containing 10% (fetal bovine serum) and 1% penicillin-streptomycin. SKOV3ip.1 cells were cultured in α-minimum essential medium containing 20% fetal bovine serum and 1% penicillin-streptomycin. CHO-HER2 and CHO-CD46 were maintained in Dulbecco's modified Eagle medium containing 10% fetal bovine serum and 1% penicillin-streptomycin. CHO-HER2 cells were maintained as described previously. 15 Generation of HER2-retargeted VSV/MV hybrid displaying different affinity mutants
The NotI restriction site in the plasmid MC11-VSV-eGFP 30 was removed using the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent technologies, Santa Clara, CA) with the primers NotI-mut-F/R described in Table 2 . MluI and AvrII restriction sites were introduced into the beginning and end, Table 2 ) and cloned into the plasmid pCR-Blunt II-Topo (Invitrogen, Carlsbad, CA). MVHaa-scFVαPSMA was cut and cloned into the MluI-AvrII restriction sites of plasmid MC11-VSV-eGFP. MV-F was amplified from pCGF with added SphI restriction sites at the beginning and end of the gene (primers MVF-F/R, Table 2 ). Then, MV-F was digested with SphI and cloned into MC11-VSV-∆G-MVHaaαPSMA-eGFP. The new plasmid, containing MV-F and retargeted MV-H, was digested with SfiI and NotI to remove the scFVαPSMA, and replaced with the scFVαHER2 from the library of plasmids containing scFVαHER2 with different receptor affinities (Table 1) . Replicationcompetent viruses were rescued as previously described. 9 All the viruses were grown and titered in VeroαHis cells.
Immunoblotting
Viruses from the supernatant of VSVFH-and VSVFHαHER2-infected VeroαHis cells were purified by ultrafiltration using Amicon Ultra-15 Centrifugal Filter Units 100 kDa NMWL (EMD Millipore, Billerica, MA). Equivalent amounts of purified infectious viruses (1.5 × 10 6 TCID 50 ) were mixed with an equal volume of Laemmli sample buffer (BIO-RAD, Hercules, CA). Samples were incubated for 5 minutes at 80 °C and samples were fractionated by SDS-PAGE through a 10% Tris-HCl gel and blotted to a polyvinylidene difluoride membrane. VSV-M and MV-H proteins were detected as previously described. 9 Quantification of syncytia sizes Confluent TE671 or SKOV3ip.1 cells in 10-cm dishes were infected at a MOI of 0.01. After 3 hours of incubation, the inoculum was removed and replaced with complete medium with 1% methyl cellulose. At 48 hpi photographs of the syncytia were taken and the size determined using the NIH ImageJ software. 32 Virus cytotoxicity assays 
